Summary
Genome instability (GI) and centrosomal alterations are common traits in human cancer [1, 2] . It is suspected that centrosome dysfunction may cause tumors by bringing about GI, but direct experimental proof is still lacking [3] . To explore the possible functional link between centrosome function and overgrowth, we have assayed the tumorigenic potential of a series of mutants that affect different centrosomal proteins in Drosophila. We have found that a significant number of such mutant conditions are tumorigenic in larval brain tissue, where self-renewing asymmetric division of neural stem cells is frequent, but not in symmetrically dividing epithelial cells. We have also found that mutations that increase GI without causing centrosome dysfunction are not tumorigenic in our assay. From these observations, we conclude that the tumors caused by centrosome dysfunction cannot be explained solely by the resulting genome instability. We propose that such tumors might be caused by impaired asymmetric division of neural stem cells [4] . These results show that centrosome loss, far from being innocuous, is a potentially dangerous condition in flies.
Results and Discussion
Centrosome dysfunction is frequent in cancer, but it is still unclear whether it contributes to, or results from, malignant transformation [3] . To asses whether centrosome dysfunction can cause tumors, we have carried out an unbiased test based on assaying the tumorigenic potential of well-characterised mutants that affect centrosome function. These include mutants in centriolar proteins that are required for PCM stabilization (Asl [5] ) or for centriole duplication (DSas-4 and DSas-6 [6] ), a kinase that regulates centriole duplication (Sak [6] ), components of the PCM that are essential for the microtubule-nucleation activity of the centrosome (Cnn [7, 8] and gammaTUB23C [9] ), a protein that localizes in both centrioles and PCM and is required for the efficient recruitment of several PCM components (Plp [10] ), and the centrosome-regulatory protein kinases Polo [11] and AurA [12] . Besides their key roles in the centrosome cycle, these two kinases have recently been reported to regulate asymmetry in larval NBs, and their loss of function results in supernumerary larval NBs at the expense of neurons [13] [14] [15] . Altogether, such mutant collection brings about a range of phenotypes that provides a fair representation of the centrosome abnormalities that are characteristic of human tumors [2] .
Our assay was based on the allograft-transplantation procedure, which has been extensively used to identify and characterize tumor suppressors in Drosophila [16] (see Supplemental Data, available online). Whereas wild-type larval brain tissue hardly grows after implantation into the abdomen of adult flies, tissue mutant for a number of tumor suppressors can grow to many-fold the size of the implant, in some cases invading different organs and killing the hosts [17] . We found that pieces of larval brain tissue mutant for pPlp 2172 , cnn
F04547
, or gammaTUB PI did not show significant growth at a frequency detectable in our assays (Table 1B, Figure 1A) . However, the remaining mutant conditions resulted in the growth of tumors with frequencies that are similar to those of previously characterized brain-tumor suppressors [17] . Implants of larval braintissue mutant for asl 1 , sak c06612
, or dsas-6 c02901 (henceforth asl, sak, and dsas-6) displayed very substantial growth, typically expanding over a quarter of the abdominal cavity, in 4%, 2%, and 1% of hosts, respectively (Table 1B, Figure 1B ). However, these tumors never grew enough to fill the abdomen, nor did they significantly shorten the host's lifespan. In contrast, implants of dsas-4 l(3)s2214 , polo 1 , aurA
8839
, and aurA 37 larval brain tissue grew unrestrained, filling the abdominal cavity and eventually killing the host, in 6%, 10%, 86%, and 10% of the cases, respectively (Table 1B; Figure 1C ). Moreover, in addition to the major tumor mass, these implants originate small colonies scattered on different parts of the host's anatomy, like those previously observed in tumors caused by mutants in several brain-tumor-suppressor genes [17, 18] . Some such ''fly micrometastases'' can be observed in the ovary ( Figures  1D-1G ), revealing the capacity of the tumor cells to penetrate through peritoneal and muscle sheaths. We did not observe such fly micrometastases in asl, sak, and dsas-6 tumors.
To further characterize the nature of these tumors, we assayed their growth potential by serial retransplantation. We found that asl, sak, and dsas-6 tumors were unable to grow upon retransplantation into new healthy hosts (Figure 2A ). In contrast, dsas-4 l(3)s2214 , polo 1 , and aurA 8839 (henceforth dsas-4, polo, and aurA)-derived tumors can be maintained for years after biweekly serial retransplantation, thus revealing an endless ability to generate more tumor mass. Interestingly, the number of implanted hosts that develop a tumor steadily increases to > 70% by the 4 th transfer generation (T4) and to nearly 100% by T10. This is a dramatic increase for polo and dsas-4 tumors that grew in less than 10% of the hosts in T0 (Figure 2A ). Host lethality also increases over time in dsas-4, polo, and aurA tumors. In T0, dsas-4 and polo tumors take, on average, 38 and 20 days to kill the hosts, respectively, and host lethality during the first 10 days after implantation is essentially null ( Figure 2B ). Yet, by T4, host lethality during the same period is > 50%, and it reaches more than 70% by T10 ( Figure 2B ).
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We then determined the extent of chromosome instability (CIN) in polo, aurA, and dsas-4 homozygous brains and tumor lines. Unfortunately, the relatively small mass of dsas-6, asl, and sak tumors does not afford this type of analyses. We found that in larval brains there are no significant differences in DNA content per cell, as determined by FACS, between polo, aurA, dsas-4, and a wild-type control, except for a minor increase in 4n cells in aurA ( Figure 3A , top). Consistent with published data [12, 19] , aneuploid or polyploid cells account for 20% of the cells arrested in mitosis in polo and aurA brains ( Figure 3A , bottom). Also consistent with published results [32] , only a small fraction of dsas-4 cells have abnormal karyotypes even though dsas-4 tumors occur as frequently, and are as malignant, as polo tumors. In addition, 20% of dsas-4 cells show precocious sister-chromatid separation after colchicine treatment. CIN is dramatically increased in the tumor lines as compared to the mutant brains. By T10, the DNA-content profiles obtained by FACS are markedly shifted toward levels R 4n ( Figure 3B ) and karyotypes are highly polyploidy in > 95% of tumor cells ( Figure 3B ). In addition to these quantitative changes, many cells from dsas-4 tumor lines show aberrantly condensed chromatin, which was not observed at a significant level in dsas-4 larval brains. Therefore, as in many tumor types in mammals [1] , CIN is a major trait in polo, aurA, and dsas-4 fly neoplasms.
Being immortal, lethal to the host, deadlier as they age, invasive, and genomically unstable, polo, aurA, and dsas-4 tumors can be graded as malignant neoplasms, very similar to those caused by mutants that disrupt the asymmetric-cell-division machinery in larval neuroblasts [16] . Using the same criteria, asl, sak, and dsas-6 tumors can be graded as benign hyperplasias. Thus, regardless of their malignant or benign nature, six out of the nine assayed mutant conditions that cause centrosome dysfunction result in tumors. It is formally possible that the genes affected by these mutants might have additional, non-centrosome-related functions that could be responsible for the observed tumor suppressor activity. More likely, these results strongly suggest that loss of centrosome function facilitates tumorigenesis in Drosophila. Notably, the mutants for any of the three components of the centriole-duplication pathway that we have tested, dsas-4, sak, and dsas-6, are tumorigenic, showing that centrosome loss, far from being innocuous, is a potentially dangerous condition in flies.
If centrosome dysfunction caused tumors through genome instability (GI), it would be expected that GI alone, without centrosome dysfunction, should cause tumors as well. To test this hypothesis, we assayed the tumorigenic activity of mutants (Table S1 ) in genes required for the chromosome-replication checkpoint: ataxia telengiesctasia mutated (atm) [20] ; the spindle assembly checkpoint: bub3 [21] , bub related one (bubR1) [22] , and rough deal (rod) [23] ; spindle assembly: abnormal spindle (asp) [24] ; chromatin condensation: l(3)11 m-254, and l(3)K43 [25] ; and cytokinesis: l(3)7 m-62 [25] , fumble (fbl) [26] , twinstar (tsr) [27] , and diaphanous (dia) [27] . We also assayed larval brain tissue in which GI was induced by exposure to X-rays or by somatic mobilization of the multiple P elements of the Mü ller-5 ''Birmingham M'' strain [28] . Such collection of experimental conditions brings about a fair recapitulation of the most frequent types of defects in chromosome number and integrity reported in human tumors [1] , such as chromosomal rearrangements, aneuploidy, and different levels of polyploidy, including, notably, tetraploidy, which is suspected to be an unstable state that contributes to aneuploidy [3] (Figure S1 ).
We found that, except for l(3)K43 1 , which, besides its effect on chromosome condensation and integrity, also causes amorphous microtubule-organizing centers [29] , none of the experimental conditions tested gave rise to tumors in our assays (Table 1C) . However, the implications of these results Pieces of larval brain tissue or imaginal discs, wild-type or mutant for a series of genes required for centrosome function and genome stability, were implanted into the abdomen of adult hosts for determination of their growth potential. a None of 250 control implants grew to any significant extent in this assay. b Implants of larval brain tissue homozygous for mutants that affect centrosome function. Six out of nine genes assayed have a tumor-suppressor activity. In the case of aurA 37 , the implant was brain tissue containing MARCMinduced mutant clones. c Only one out of the twelve tested experimental conditions that cause GI gave rise to a tumor. d None of the centrosome mutants that cause tumors in larval brain tissue cause tumors in imaginal discs.
regarding the possible role of GI in tumorigenesis must be derived with caution for several reasons. First, some of the assayed experimental conditions could have a tumorigenic activity that cannot be observed with the number of implants that we have carried out. Moreover, the types and extent of GI that we have generated might not be optimal either to originate tumors or to sustain tumor growth. This is an important consideration, because we have observed that a high level of aneuploidy induced by mutation in asp impedes the normally immortal mira tumors [17] from going beyond the second transfer generation (not shown). Likewise, inhibition of ASPM, the human homolog of Drosophila asp, inhibits cell proliferation in glioblastomas [30] . Moreover, in mice, aneuploidy caused by loss of the spindle checkpoint protein CENP-E increases the rate of spontaneous lymphomas and lung tumors but also inhibits chemically or genetically induced tumor formation [31] . An additional consideration that must be taken into account is that the number of chromosomes of Drosophila are very few compared to mouse and human. This is important because karyotypes with 20 or 23 chromosome pairs can be , polo 1 , or aurA 8839 become deadlier to the hosts as they age through successive transfer generations. By T10, any of these tumors kills more than 70% of the hosts within the first 10 days after implantation. reshuffled by chromosome gain or loss in a number of combinations much greater than can a karyotype withy only four pairs. Finally, these results do not, in any way, rule out GI as a necessary condition for tumors to develop. In fact it seems likely that the high levels of GI observed in dsas-4, polo, and aurA tumor lines may be essential for these tumors to acquire their malignant traits. Therefore, our observations cannot be taken as evidence to discard a possible role of GI in tumorigenesis. However, they strongly suggest that the tumors caused by centrosome dysfunction cannot be accounted for solely by GI. How, then, can centrosome dysfunction generate tumors? We do not have a definitive answer to this question. However, given that self-renewing asymmetric division of neural stem cells (SCs) is so frequent in brains and that perturbations of this process are known to be tumorigenic [4] , a tantalizing possibility is that centrosome dysfunction may cause tumors by perturbing neural SC division. Indeed, a lesser or greater extent of perturbed asymmetry has been reported in dsas-4 [32] , aurA [13, 14] , polo [15] , and asl [33] mutant brains. To test this hypothesis, we assayed the tumorigenic activity of centrosome dysfunction in larval imaginal discs. We found that whereas allograft cultures of brain tissue mutant for sak, asl, dsas-6, dsas-4, polo, or aurA produced tumors as previously shown and discussed (Table 1B, Figures 1B and 1C) , imaginal discs taken from the same individuals did not (Table 1D) . Allograft cultures of lgl 4 imaginal discs, carried out as positive controls, produced tumors as previously reported [16] (Table 1D ). These results strongly suggest that the tumorigenic activity of centrosome dysfunction is, if anything, dramatically lower in an epithelia that does not grow by the self-renewing asymmetric division of SCs than it is when self-renewing neural SCs are affected.
Following Hansemann's report of chromosome missegregation in human tumors, Boveri proposed that multipolar spindles organized by supernumerary centrosomes could, through the resulting aneuploidy, be the cause of tumors [34] (Figure 4, top) . Our results concerning Drosophila tumors suggest an alternative model in which failed self-renewing asymmetric SC division would be the initial tumorigenic event (Figure 4 , bottom). This is a tantalizing conclusion given the increasing evidence suggesting that adult SCs might be the cell of origin of certain tumor types [35] . Interestingly, this alternative model accommodates a wide range of centrosome abnormalitiesnot only supernumerary centrosomes-as potentially tumorigenic conditions, much more in line with our current knowledge on centrosome dysfunction in cancer [2] . Indeed, the new model does not discard the possible contribution of GI for transforming the initial overgrown tissue into a malignant, immortal, and metastatic tumor.
There are different mechanisms by which impaired centrosome dysfunction might disturb self-renewing asymmetric SC division. For instance, compromised spindle orientation due to a loss of astral microtubules could lead to missegregation of cell-fate determinants, which can cause tumor growth [16] . Alternatively, some centrosomal proteins might have a direct role in asymmetric SC division. Such is the case of AurA and Polo, which, besides their role in centrosome regulation, are also required for the correct cortical polarity of atypical protein kinase C (aPKC) and Numb [13] [14] [15] . Finally, it is also possible that centrosomes could play a role in establishing and/or maintaining SC polarity [36] [37] [38] .
Our observations are limited to Drosophila and cannot be automatically extrapolated to other species. However, nearly a hundred years after Boveri's seminal publication [34] , these observations provide the first direct demonstration of a causative relation between centrosome dysfunction and tumorigenesis. Interestingly, the tumorigenic activity of a loss of centrosome function seems be directly related not to what for decades was considered to be the centrosome's main role, the assembly of a spindle for the chromosomes to segregate upon, but to self-renewing asymmetric SC division, thus adding further support to the view that failed developmental decisions might contribute crucially to tumorigenesis. The possible parallelism with cancer in vertebrate model systems and humans needs to be explored.
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Supplemental data include Supplemental Experimental Procedures, one figure, and one table and can be found with this article online at http:// www.current-biology.com/cgi/content/full/18/16/1209/DC1/. brains [30] , loss of centrioles results in misalignment and faulty segregation of cell fate determinants (red; initial event), a condition that can result in the transformation of one of the daughter cells (black) and overgrowth. Other types of centrosome dysfunction-not shown in this cartoon-could have similar consequences. This model does not discard the possible contribution of GI for transforming overgrown tissue in immortal, metastatic tumors.
